Among the genetic abnormalities reported to occur in MALT lymphomas, the translocation t(11;18)(q21;q21) is of particular interest because it is exclusively documented in MALT lymphomas, mainly with gastrointestinal location. It results in the creation of a fusion protein API2-MALT1 that activates the transcription factor NF-jB through enhanced IKKc polyubiquitination. Here, we apply the recently developed molecular technique termed comparative expressed sequence hybridization to identify differentially expressed chromosomal regions related to the pathogenesis of gastric MALT lymphomas. By comparing t(11;18)(q21;q21)-positive gastric MALT lymphomas to their t(11;18)(q21;q21)-negative counterparts, we found that the location of the MALT1 break point determines a difference in expression pattern within the t(11;18)(q21;q21)-positive group. Moreover, we could define a gastric MALT lymphoma signature, which most likely comprises the regions and genes with significance in the development of MALT lymphomas, by comparing both t(11;18)(q21;q21)-positive and -negative MALT lymphomas to normal lymphoid tissue. Finally, a significant imprint of the marginal zone signature, established by comparing microdissected, splenic B follicles with and without marginal zone, was evident in the expression profile of MALT lymphoma, further supporting a marginal zone origin for this type of B-cell non-Hodgkin's lymphoma.
Extranodal marginal zone lymphoma or MALT lymphoma is listed as a separate disease entity in the World Health Organization (WHO) classification of lymphoid tumors.
1 Far from being rare, it accounts for approximately 7-8% of all non-Hodgkin's lymphomas, being the third most frequent subtype (after diffuse large B-cell lymphoma and follicular lymphoma). Although the stomach is the most common and best-studied site of involvement, MALT lymphomas may be encountered in virtually every organ of the human body. Several genetic aberrations in MALT lymphomas have been described: aneuploidy, such as trisomy 3 and 18, [2] [3] [4] and chromosomal translocations, such as t(1;14)(p22;q32), t(14;18)(q32;q21), t(3;14)(3p13;q32) and t(11;18)(q21;q21). [5] [6] [7] [8] [9] [10] [11] [12] [13] The latter genetic anomaly was first described in 1989 14 and is the most common translocation in MALT lymphomas. It leads to the generation of a fusion protein comprising the three baculovirus inhibitor of apoptosis protein repeat domains present in the N terminus of the API2 protein (encoded by the API2 gene located on chromosome 11) and a variable part of the MALT1 protein (encoded by the MALT1 gene located on chromosome 18), which always contains the caspase p20-like domain. 6 This API2-MALT1 fusion protein can activate NF-kB in vitro, affecting a number of survival-related genes. 15 A high incidence of the t(11;18)(q21;q21) is observed in MALT-type lymphomas with a gastric and to a lesser extend pulmonary location (ranging from 10 to 50%), whereas this translocation is almost never found in MALT lymphomas of other extranodal tissues. 7, 8, [16] [17] [18] [19] The presence of the API2-MALT1 fusion transcript has been linked to resistance of the gastric MALT lymphoma to Helicobacter pylori eradication and to the absence of transformation to a more aggressive large B-cell lymphoma. 5, 20, 21 Moreover, the t(11;18)(q21;q21) has not been described in other B-cell lymphomas and its presence in MALT lymphomas apparently excludes any further chromosomal aberrations. 22 To investigate the molecular mechanisms underlying the pathogenetic role of t(11;18)(q21;q21) in MALT lymphomas, we applied a recently developed molecular cytogenetic technique termed comparative expressed sequence hybridization (CESH). 23 This technique gives a genome-wide view of relative expression patterns within tissues according to chromosomal location in a way similar to that of comparative genomic hybridization (CGH). This is achieved by converting RNA extracted from the test sample into cDNA, amplifying it by PCR and competitively hybridizing this to normal metaphase chromosomes in the presence of cDNA obtained from a reference tissue. The cDNAs from the test sample and the reference tissue are labeled with different fluorochromes, and the ratio of the fluorescence intensities of these two fluorochromes (measured as in CGH) is considered to represent differential gene expression. Although CESH has a lower resolution in comparison to microarrays, it requires only a minimal amount of material and because of the use of a chromosomal spread neither the number nor the sequence of the genes as applied on a microarray target slide is of importance. It is especially well suitable in circumstances where the number of informative biopsies is small. We previously applied this new technique with success to the study of hairy cell leukemia and breast tumors; the established profiles allowed us to identify a possible marginal zone origin of hairy cell leukemia and to distinguish particular subgroups of breast tumors. 24, 25 Other groups successfully used CESH in the study of solid tumors and childhood acute lymphoblastic leukemia. 23, 26, 27 In this study, we aimed to get more insight into the pathogenesis of gastric MALT lymphomas in general and to study the impact of the API2-MALT1 fusion protein. To this end, we compared t(11;18)(q21;q21)-positive and -negative gastric MALT lymphomas with each other and with normal spleen by CESH expression profiling. In addition, we evaluated similarities and differences between the gastric MALT lymphoma expression profile and the marginal zone expression signature. The latter was established using CESH analysis, comparing lasermicrodissected B follicles with and without marginal zone, taken from normal spleen biopsies.
Materials and methods

Tissue Samples
Fourteen primary gastric MALT lymphomas were retrieved from the archives of the Department of Pathology (University Hospital, Katholieke Universiteit Leuven, Leuven, Belgium). For each case, freshly frozen tumor tissue and formalin-fixed paraffin-embedded blocks were available. These cases were diagnosed in our department between 1987 and 1997 according to the Revised EuropeanAmerican Lymphoma classification and the WHO criteria. They were composed of a monotonous proliferation of small centrocyte-like cells (with no or minimal variation in shape and size) mixed up with a very small number of lymphocyte-like cells and a few large activated B cells; residual reactive follicle centers were present in most cases. Ten of these cases showed the t(11;18)(q21;q21), whereas the remaining four cases were t(11;18)(q21;q21) negative; the presence or absence of t(11;18)(q21;q21) was determined by RT-PCR in a previously published study. 5 In all 10 positive cases, the break points within the API2 gene occurred consistently in intron 7 (annotated now as intron 6 according to Ensembl gene ENSG00000023445) whereas the break points within the MALT1 coding DNA were variable and located in intron 4 (4 cases), 7 (4 cases) and 8 (2 cases), resulting respectively in an API2/exon7-MALT1/exon5, API2/exon7-MALT1/ exon8 and API2/exon7-MALT1/exon9 fusion. The detailed clinical and genetic data of all cases are provided in Table 1 . In addition, snap-frozen biopsies of six splenectomy specimens (with a prominent marginal zone but without obvious morphologic anomalies) of healthy individuals having traumatic rupture of the spleen were selected and used as reference tissues in a series of CESH experiments to study the signature of MALT lymphoma vs nonneoplastic tissue as well as to study the signature of the marginal zone. For CESH analysis, frozen tissue blocks were used, which had been stored at À801C immediately after surgical excision. All frozen MALT lymphoma samples consisted of tumor for more than 60% when evaluated by hematoxylin/eosin staining. This study was approved by the institutional ethics commission of the Katholieke Universiteit Leuven. Informed consent was provided according to the Declaration of Helsinki Principles.
RNA Isolation and Reverse Transcription
Total RNA was extracted from eight to ten 20 mm sections of each frozen tissue block, using the Rneasy Mini Kit (Qiagen, Venlo, the Netherlands) following the manufacturer's recommendations. RNA quality/integrity was controlled by agarose gel electrophoresis (1%) and its concentration was measured using a nanodrop spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). RNA (25 mg) was treated with 2 U RNase-free DNase (Promega, Leiden, the Netherlands) during 45 min and further purified using phenol-chloroform. Total RNA (1 mg) of each case was reverse transcribed using random hexamers and Superscript II (Life Technologies, Merelbeke, Belgium).
Laser Microdissection
Laser microdissection of the white pulp was performed on frozen tissue sections of the selected six splenectomy biopsies. Commercially available polyethylene naphthalate membrane mounted slides (PALM; Benried, Germany) were pretreated with RNaseErase (Qbiogene, Carlsbad, CA, USA), rinsed two times in diethylpyrocarbonate-treated water and dried for 1 h at 371C. Frozen tissue sections (8 mm thick) were mounted onto these slides and fixed in 70% ice-cold ethanol for 5 min. Tissue sections were briefly stained with 1% cresyl violet acetate in ethanol, dehydrated in increasing alcohol concentrations (50, 75 and 95% ethanol in diethylpyrocarbonate-treated water, and absolute ethanol) for 30 s each and air-dried for 10 min. This procedure was immediately followed by microdissection, using a Â 20 objective on a PALM laser microdissector (PALM, Bernried, Germany).
Per specimen, at least 50 B follicles containing the germinal center and the lymphocytic corona and 50 B follicles containing the germinal center, the lymphocytic corona and the marginal zone were isolated. Laser-microdissected fragments comprised in total a mean area of 1 Â 10 7 mm 2 , estimated to correspond to at least 1 Â 10 5 cells per isolation. Immediately, total RNA was isolated using the RNAqueous-Micro Kit (Ambion, Austin, TX, USA) according to the manufacturer's instructions, followed by reverse transcription into cDNA. The integrity of the RNA obtained after laser microdissection was comparable to that isolated from wholetissue sections, as shown by successful RT-PCR amplification of two housekeeping genes (FKHR and GAPDH) for all six cases (data not shown). M, male; F, female; RT, radiotherapy; CT, chemotherapy; CR, complete response; PR, partial response; SD, stable disease; Hp, Helicobacter pylori; NA, not available.
a All 14 cases were analyzed by interphase FISH for structural and numerical aberrations of the BCL10 (1p22), FOXP1 (3p13), API2 (11q21), IGH (14q32) and MALT1 (18q21) genes, as previously described. Centromere-specific probes were used to verify aneuploidy of chromosomes 3 and 18.
b
Cases were selected on availability of gastrectomy specimens. As all diagnoses were made in the late 1980s before gastric MALT lymphoma was known to be related to chronic Helicobacter pylori infection, surgical resection of the lymphoma site was the first choice of treatment in all patients.
c
In case LL57, An Arbor stage IV was diagnosed because of bone marrow involvement.
Complementary DNA Labeling cDNA was amplified and differentially labeled with SpectrumGreen-dUTP or SpectrumRed-dUTP (Abbott, Ottignies, Belgium), depending on the experimental design, during two rounds of degenerate oligonucleotide-primed polymerase chain reaction using the degenerate primer UN-1. Labeled probes were purified using QIAquick PCR purification columns (Westburg, Leusden, the Netherlands) according to the manufacturer's instructions. Generated products were checked by agarose gel electrophoresis (1%) and showed a smear between 300 and 1500 bp.
Experimental Design and cDNA Pooling
In a first series of CESH experiment, we hybridized in 10 separate tests the cDNA of each of the 10 t(11;18)(q21;q21)-positive gastric MALT lymphomas to a cDNA pool composed of their 4 t(11;18)(q21;q21)-negative counterparts. In a second series of CESH experiment, we hybridized the cDNA pools representing the two subgroups of the t(11;18)(q21;q21)-positive cases (as found by the first series of CESH experiments) and the cDNA pool of the t(11;18)(q21;q21)-negative cases in three separate tests to a cDNA pool of 6 normal splenectomy biopsies. In all the pools, each case was equally represented in its respective mixture. In a third series of CESH experiments, we determined the signature of the marginal zone by hybridizing in six separate test (one test per splenic specimen) the cDNA of laser-microdissected B follicles with marginal zone to that of laser-microdissected B follicles without marginal zone.
Comparative Expressed Sequence Hybridization
For this particular study, the number of representative cases documented with both surgical resection specimens and frozen tissue (as required for gene expression profiling) is limited. This is due to the current conservative treatment of gastric MALT lymphomas (the majority of gastric lymphomas regresses after H. pylori eradication therapy) and the rare occurrence of the t(11;18)(q21;q21). Because CESH does not detect differentially expressed genes, but rather chromosomal regions, this technique generates a limited set of data points compared to the thousands of genes analyzed by microarray expression. From a statistical point of view, CESH thus represents a more acceptable way of expression profiling, generating data sets of statistical significance from the limited number of investigated cases. Comparative expressed sequence hybridization followed a previously described protocol. 23 Labeled cDNA probes were prepared for hybridization using the CGH hybridization kit (Abbott). To reduce background noise, we pretreated metaphase target slides (Abbott) with Rnase (0.1 ml/ml) at 371C for 30 min. Hybridization was carried out in a humid chamber at 371C for 72 h. Chromosomes were counterstained with 4,6-diamidino-2-phenylindole. Image analysis was performed using a Zeiss Axioplan 2 fluorescence microscope (Carl Zeiss AG, Gö ttingen, Germany) equipped with a cooled charge-coupled device camera COHU 4910 (Diagnostic Instruments, Detroit, MI, USA) and controlled by CytoVision software version 2.81 (Applied Imaging International, Newcastle upon Tyne, UK). For each experiment, 10 good-quality metaphase spreads were analyzed. As thresholds for determination of relative over-or underexpression, we used dynamic standard reference intervals (SRIs) based on a systematic ratio variation seen in normal samples. These dynamic SRIs were created in our system as described previously. 24 To record chromosomal regions of differential expression, we applied the 95 and 99% confidence limits (CL), which are recognized statistical indications of how accurately the slide profile reflects the real aberrations in the test sample. CESH was validated by previously published experiments. 24 
Clustering of t(11;18)(q21;q21)-Positive Gastric Malt Lymphomas
Within the group of t(11;18)(q21;q21)-positive gastric MALT lymphoma expression profiles, we applied a threshold of 50% recurrence at the 95% CL. The resulting regions were encoded as À1 if underexpressed (relative to the t(11;18)(q21;q21)-negative gastric MALT lymphoma pool), þ 1 if overexpressed, and 0 if no difference was observed. Next, we performed hierarchical clustering on these 10 experiments, using TIGR MultiExperiment Viewer, 28 at the default setting (average linkage).
Statistical Analysis
The association of clustering with the MALT1 break point was tested by evaluating the null hypothesis that cases with introns 4 and 8 fusions were randomly assigned to both groups with equal probability.
Results
Comparative expressed sequence hybridization results of pairing cDNA from t(11;18)(q21;q21)-positive gastric MALT lymphomas with cDNA from their t(11;18)(q21;q21)-negative counterparts are illustrated and summarized in Table 2 . In addition, the relative CESH profile of these t(11;18)(q21;q21)-positive and -negative MALT lymphomas vs normal spleen was determined (Table 3) as well as the CESH profile of B follicles with marginal zone vs B follicles without marginal zone (Table 4) . A cutoff level of 30% recurrence was applied: only those regions that were underexpressed (k) or overexpressed (m) in at least three of the ten MALT lymphoma cases (experiment 1), in one of the three MALT lymphoma groups (experiment 2) or in at least two of the six spleens (experiment 3) are shown. Like in CGH, all centromeric regions and chromosome Y were excluded from final evaluation. To recognize regions with a potential significance but a moderate level of differential expression, we included in the final analysis all differentially expressed regions detected at the 95 and 99% CL. In each CESH experiment, differentially expressed regions were shown to be highly reproducible, either by inverse labeling or by double control experiments.
CESH Profiling of t(11;18)-Positive vs -Negative Gastric Malt Lymphomas
To investigate the biological consequences of the API2-MALT1 fusion protein, we performed CESH expression profiling of 10 singular t(11;18)(q21;q12)-positive MALT lymphomas vs a pool of their t(11;18)(q21;q21)-negative counterparts. Using the 95% CL, this led to the detection of 57 differentially expressed regions, of which 15 were identified using the 99% CL ( Table 1) . The most significant chromosomal regions with altered expression-observed in at least five of the ten cases using the 95% CL-are: 4p15-p16 (observed in nine cases); 5p14-p15.2, 5q31-q32, 11q12-q13, 15q22-q24, 17q12-q21, 19p12-p13.3, 19q13.2-q13.4 and 22q13 (observed in seven cases); 1p35-p36.1, 1q21-q24, 3p14-p21, 13q22-q31, 14q31, 20p11.2-p12 and Xq22-q26 and (observed in six cases) and 6p21.3-p22, 9p12-p13, 9q21-q22, 9q31-q33, 11p12-p14, 12q23, 14q22-q24, 17p13 and Xp21 (observed in five cases). All chromosomes (except for 21) were affected and the number of differentially expressed regions per chromosome ranged from 1 to 5. The highest number of involved regions (4-5) was found on chromosomes 1, 2, 4, 9, 11 and 12.
The CESH profiles of these 10 t(11;18)(q21;q21)-positive gastric MALT lymphomas clustered into two groups (which will be referred to as group A and group B) with a highly repetitive and therefore consistent pattern for most of the differentially expressed regions: relative underexpression of a region in the one group corresponded to relative overexpression of this region in the other group and vice versa (Figure 1 ). For instance, overexpression of the chromosomal regions 4p15.1-p16, 13q22-q31 and 20p11.2-p12 in group A corresponded to underexpression of these regions in group B, whereas underexpression of 22q13 and 14q22-q24 in group A corresponded to overexpression in group B. This clustering was significantly associated with the location of the break point in the MALT1 gene (P ¼ 0.03): group A consisted the four cases where exon 7 of the API2 gene was fused to exon 5 of the MALT1 gene, whereas the two cases with a fusion between exon 7 of API2 and exon 9 in the NF-kB pathway, and in hematopoietic oncogenesis
a Bold are the regions with differential expression found in at least 50% of the cases. b Genes found to be dysregulated in API2-MALT1-transfected NIH 3T3 cell lines by Stoffel et al. 33 are given; genes found to have a role in the NF-kB pathway and/or biology of hematopoietic cells and oncogenesis are given in bold. 
Regions with differential under-(k) and overexpression (m) composing the 'marginal zone signature', the most prominent ones are given in bold.
b Genes found to be deregulated in particular B-cell subpopulations by Shen et al.
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Gene expression patterns in gastric MALT lymphomas X Sagaert et al of MALT1 belonged to the group B; the MALT1 break point in the four remaining cases generated a fusion of exon 7 of API2 with exon 8 of MALT1, and these cases were equally distributed in both groups.
CESH Profiling of Gastric Malt Lymphoma vs Spleen
To confirm the presence of two subgroups of t(11;18)(q21;q21)-positive MALT lymphomas and to identify the general MALT lymphoma signature, we performed a second series of experiments. Three cDNA pools (group A, group B and the t(11;18)(q21;q21)-negative group) were CESH expression-profiled with normal spleen as reference. Using a 95% CL, 72 differentially expressed chromosomal regions were identified, of which 20 and 12 occurred in 2 and 3 groups, respectively ( Table 2 ). The affected regions were found on all but 1 chromosome (19) and the highest number of regions (4-6) with altered expression was detected on chromosomes 1, 2, 3, 4, 12, 13, 14 and X. The 12 chromosomal regions showing differential expression at the 90% CL in all three groups were located at 1p33-p36.
(m), 3q21-q23 (k), 4q12-q22 (m), 4q26-q27 (m), 6p21.2-p24 (k), 6q12-16 (m), 15q22-q26 (k), 18q21-q23 (m) and Xq21 (m). Twenty chromosomal regions were marked by altered expression in two of the three groups (66.7%) at the 95% CL: 1q32 (k), 1q41-q43 (k), 5q15-q23 (m), 11q21-q22 (m), 11q23 (k), 13q13-q14 (k), 14q13-q21 (m) and 17q23-q24 (k) ( ¼ differentially expressed regions in common between groups A and B); 2q12-q14.1 (m), 10q21 (m), 13q31-q32 (m) and Xq22 (m) ( ¼ differentially expressed regions in common between group A and the t(11;18)(q21;q21)-negative group) and 11q12-q13 Figure 1 Hierarchical clustering of the CESH profiles of the 10 t(11;18)(q21;q21)-positive MALT lymphomas by comparing them to their t(11;18)(q21;q21)-negative counterparts. Genomic regions that are underexpressed are marked in red whereas those that are overexpressed are marked in green. LL31, LL53, LL57 and LL87 are MALT lymphomas in which exon 7 of API2 is fused to exon 5 of MALT1; LL29, LL27, LL51 and LL79 are MALT lymphomas in which exon 7 of API2 is fused to exon 8 of MALT1; LL39 and LL72 are MALT lymphomas in which exon 7 of API2 is fused to exon 9 of MALT1. Group A is composed of samples LL31, LL53, LL57, LL87, LL29 and LL51; group B contains samples LL39, LL72, LL27 and LL79.
experiments (in 50% of the cases using the 95% CL), 14 could be confirmed in this series of CESH experiments as regions with opposite expression between group A and B, relative to normal spleen (the arrows refer to the expression level in group A): 11q12-q13 (k), 13q22-q31 (m), 14q22-q24  (k), 14q31 (m), 17p13 (k), 19q13.2-q13.4 (k) , 20p11.2-p12 (m), 22q13 (k), Xp21 (k) and Xq22-q26 (m). Of the 25, 5 differentially expressed regions as found in the first series of CESH experiments were uniformly underexpressed relative to splenic tissue: 1p35-p36.1, 1q21-q24, 3p14-p21, 6p21.3-p22 and 15q22-q24. Thus, the former regions most probably reflect biological differences as a consequence of alternative MALT1 break points, whereas the latter probably reflects expression alterations characterizing MALT lymphomagenesis. Only six chromosomal regions with differential expression between groups A and B, as found by the first series of CESH experiments, were not detected in this second CESH setup (5p14-p15.2, 9p12-p13, 11p12-p14, 12q23, 17q12-q21, 19p12-p13.3); these regions most likely hallmark an expression level that is not very different from that in normal spleen.
CESH Profiling of B Follicles with and without Marginal Zone
To determine a relative marginal zone expression profile, we compared microdissected splenic B follicles with and without marginal zone using CESH. The obtained results for all six spleens were very consistent. Differentially expressed regions were detected with a mean recurrence of 61%. All except five chromosomes (chromosomes 8, 16, 18, 21 and 22) were involved in the marginal zone expression profile. Using the 95% CL and handling a cutoff level of 30% recurrence, we were able to establish a marginal zone signature composed by 26 chromosomal regions (Table 3) . Of the latter, five chromosomal regions were the most prominent when considering their recurrence throughout at least five of the six experiments. Of these chromosomal regions, 2p22-p24 (five cases), 3p21 (six cases), 3q21-q22 (five cases) and 15q21-q24 (six cases) were downregulated, whereas 13q22-q31 (six cases) was upregulated in the marginal zone.
Discussion
To gain insight into the genetic differences related to the API2-MALT1 fusion protein, we studied the gene expression patterns in gastric MALT lymphomas using CESH. In separate tests, we compared the cDNA of 10 t(11;18)(q21;q21)-positive tumors with pooled cDNA from 4 t(11;18)(q21;q21)-negative samples. The 10 resulting gene expression profiles clustered into two groups with a highly consistent and complimentary pattern: for the majority of the chromosomal regions, overexpression in the one group corresponded to underexpression in the other group. Remarkably, this subdivision was related to the location of the MALT1 break point in a statistically significant manner: all four cases with the break point in intron 4 of the MALT1 gene clustered into the one group (group A) whereas the two cases with the break point in intron 8 clustered into the other group (group B) (P ¼ 0.03). The structural composition of these API2-MALT1 fusion products only differed in their C-terminal portion, with the four cases with MALT1 break point in intron 8 containing only the caspase-like domain of the MALT1 protein and the two cases with MALT1 break point in intron 4 containing one of the two Iglike MALT1 domains in addition to the caspase-like domain. The remaining 4 cases with the MALT1 break point located in intron 7 were equally distributed over both groups. RT-PCR confirmed that these four cases represent fusions between exon 7 of API2 and exon 8 of MALT1 (results not shown). For one of these cases (LL29, belonging to group B), the break point at the genomic level was situated close to the 3 0 end of intron 7 (4724 bp in size) just upstream (680 bp) of exon 8 of MALT1. 29 The exact location of the MALT1 break point in intron 7 was not mapped for the three other cases. When we next used Toucan to analyze intron 7 of MALT1, 30 we found one region (from 2559 to 2467 bp 5 0 of exon 8) that was 90% conserved in mouse, indicating a possible regulatory function. Therefore, one might hypothesize that the MALT1 break points of the two cases belonging to group A cluster near the 5 0 end of intron 7, whereas the two cases belonging to group B have their MALT1 break point near the 3 0 end of intron 7, and that the observed expression pattern differences are caused by this regulatory element in intron 7. Conversely, the fusion products containing the Ig-like MALT1 domains are more potent activators of NF-kB than those without. 15, 31 Moreover, tumors bearing the fusion product with one or two intact Ig-like domains have more advanced stage than those without. 32 Therefore, the two gastric MALT lymphomas with MALT1 break point in intron 7 that belongs to group A might have acquired additional yet unidentified genetic changes which may cause expression profiles comparable to the four gastric MALT lymphoma cases with MALT1 break point in intron 4.
The 25 most significant chromosomal regions determining the API2-MALT1 signature-observed in at least 50% of the cases at the 95%CL-are:
(k) and Xq22-q26 (m) (arrows refer to expression levels in group A relative to their t(11;18)(q21;q21)-negative counterparts; an opposite expression pattern for most regions is observed in group B). These findings are in line with a study performed by Stoffel et al, 33 who using microchip gene expression analysis showed that different forms of API2-MALT1 fusion proteins activate both unique and overlapping gene programs in API2-MALT1-transfected NIH 3T3 cells. Remarkably, 50% of the 67 genes identified by their in vitro experiments are encoded at 1 of the 57 differentially expressed chromosomal regions that were found by our CESH experiments ( Table 2) . Fourteen of these genes (21%) were located at 1 of the 25 most significant chromosomal regions defining our API2-MALT1 signature: OSF2/6p21. 15 Therefore, our identification of 11q12-q13 is of special interest as this region comprises the RELA gene (11q13), coding for the p65 subunit of NF-kB. Other differentially expressed regions-observed in at least 30% of the cases at 95% CL-that contain genes encoding proteins with previously reported importance in lymphomagenesis and/or NF-kB activation are: 2q11.2/ZAP70, 9q22/SYK, 10q24.1/PIK3AP1, 10q24.3/IKK1, 10q24.3/NFKB2, 11p12/TRAF6, 14q13.2/NFKBIA, 19p13.3/VAV1, 20q12/PLCG1 and Xq22/BTK (Table 2) .
Besides the API2-MALT1 signature and its relationship to the exact location of the MALT1 break point, we were able to identify a gastric MALT lymphoma signature. This was achieved by comparing the three groups of MALT lymphomas (group A, group B and the t(11;18)(q21;q21)-negative group) to normal lymphoid tissue (spleen was chosen because the marginal zone is known to be well developed in this secondary lymphoid organ). The cDNA of all individual cases was pooled in an attempt to rule out individual variability. Twelve chromosomal regions showed differential expression at the 95% CL in all the three groups and were therefore considered to define the signature of the gastric MALT lymphoma: 1p33-p36.3 (k), 1q21-q24 (k), 3p13-p22 (k), 3q13 (m), 3q21-q23 (k), 4q12-q22 (m), 4q26-q27 (m), 6p21.2-p24 (k), 6q12-16 (m), 15q22-q26 (k), 18q21-q23 (m) and Xq21 (m). Because tri-or polysomy 3 or 18 or both are the most frequent karyotypic abnormalities in MALT lymphomas, [2] [3] [4] 8 our findings of altered expression in 3p13-p22, 3q13, 3q21-q23 and 18q21-q23 in all three groups is intriguing. However, trisomy 3 and trisomy 18 were documented in only 1 and 2 of the t(11;18)(q21;q21)-negative cases respectively (data not shown), the 10 t(11;18)(q21;q21)-positive MALT lymphomas did not show any other genetic anomalies besides this translocation, and regions 3p13-p22 and 3q21-q23 were downregulated whereas all cytogenetic studies on MALT lymphomas report gain of material on chromosome 3. Except for the gains on chromosomes 3 and 18, CGH studies on marginal zone lymphomas show great variability in gained or lost genetic material, depending on the study performed. Despite this variability, some of our CESH results were consistent with reported CGH findings: overexpression of several regions on the p-arm of chromosome X correlates with a genomic gain of this area recurrently observed in marginal zone lymphoma 34, 35 ; overexpression of 4q12-q22, 4q26-q27 and 5q15-q23 corresponds to a single report of gain on 4q and 5q. 36 and underexpression of 17q23-24 is in line with a documented loss on chromosome 17. 34, 36 Although the proteins that have a role in the pathogenesis of MALT lymphoma are still largely unknown (except for those involved in the NF-kB pathway), we compared the gastric MALT lymphoma expression patterns found in this study with the chromosomal locations of genes encoding proteins that are involved in the NF-kB pathway and/or proteins with previously reported altered expression in marginal zone lymphoma. [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Of interest is that 18q21/MALT1 is overexpressed in all the three groups, consistent with reported MALT1 overexpression in MALT lymphomas regardless of the presence or absence of a t(11;18)(q21;q21). Overexpression of 11q21/ API2 did only occur in the two t(11;18)(q21;q21)-positive groups and not in the t(11;18)(q21;q21)-negative group and may be explained by API2-MALT-induced transcriptional activation of the API2 gene through NF-kB binding elements. Moreover, a number of the matching genes encode members of the NF-kB pathway: NFKB1, NFKBIA and RELA. These findings further emphasize the importance of the NF-kB-mediated oncogene pathway in MALT lymphoma, regardless of t(11;18)(q21;q21) status. Upregulation of regions containing other genes shown to be overexpressed in marginal zone lymphoma, such as 1p22/BCL10, 12 3p14/FOXP1, 13 7p22/CARMA1 47 and 9p13/PAX5, 48 was not detected using CESH. This might be caused by their expression by other components of the spleen or by a limited sensitivity and resolution of CESH. Nevertheless, CESH profiling of gastric MALT lymphoma led to the identification of new chromosomal regions containing genes with a differential expression in this B-cell neoplasm.
Although targeted loci could not be directly identi-fied by this molecular cytogenetic technique, browsing through the genome map (www.ensembl.org) showed a number of candidate genes mapped in the highlighted regions that are involved in hematopoiesis or oncogenesis or both (Table 3) . When we next compared the marginal zone signature (established by comparing microdissected splenic B follicles with and without marginal zone) with that of the gastric MALT lymphomas, we found an imprint of a significant portion (60%) of the marginal zone signature in the MALT lymphoma expression profile, supporting the marginal zone origin of MALT lymphomas. Of note, all the five most prominently detected regions of the marginal zone signature (2p22-p24, 3p21, 3q21-q22, 13q22-q31 and 15q21-q24) are part of this imprint. In an attempt to identify relevant genes within the established marginal zone signature, we compared our data with the microarray data of Shen et al 49 on the B-cell compartments of peripheral lymphoid organs, in particular the marginal zone and the germinal center. At least 28 genes reported in the latter study are encoded at chromosomal regions comprised in our marginal zone signature ( Table 4) . Several of these concern cell-cycle regulating genes (CDKN2C, DTYMK, MCM2, HMMR, CKS2, KIF11, MKI67, KIF23) that are encoded at the differentially underexpressed regions. This is consistent with the lower proliferation rate of the marginal zone cells compared with the germinal center cells. In addition, some genes involved in DNA repair (EXO1, RAD23B), kinetochore associations (BUB1, BUB3, CENPA, CENPF), transcription and translation regulation (TAF12, UMPS, TOPBP1, TOP2A, UBE2C) and apoptosis (FAIM, BNIP3, MOAP1, TCL1A) are located at the underexpressed regions. Comparing marginal zone cells with germinal center cells, one might expect these genes to be upregulated in the latter because of their frequent DNA-strand breaks during somatic hypermutation, their active state following antigen-activation and their protection against unfavorable VH mutations, respectively. 50 Furthermore, some chemokines and their receptors (CCL20, CXCR6, GNG10) as well as a germinal center-related gene (SERPINA9) are encoded at underexpressed regions of the marginal zone signature. Chemokines have a vital role in lymphocyte trafficking and their tissue homing pattern. Finally, a gene with a presumed negative effect on cellular proliferation (GAS2) is encoded at a differentially overexpressed region of the marginal zone signature, in accordance with the more quiescent state of the marginal zone cells.
In conclusion, using the chromosome-based expression profiling method CESH, we were able to identify two subgroups of t(11;18)(q21;q21)-positive gastric MALT lymphomas: our results suggest that the location of the MALT1 break point is correlated with this clustering and hence determines a biological difference. Moreover, we identified chromosomal regions that determine the common lymphoma signature of both t(11;18)(q21;q21)-positive and -negative gastric MALT lymphomas; these regions revealed by CESH most likely harbor genes which are significant in the development of MALT lymphomas and as such, our data may serve as an ideal starting point for further identification of these genes. In addition, we have shown a significant imprint of the marginal zone signature in the relative expression profile of MALT lymphomas, suggesting an origin from the marginal zone.
